1. Introduction {#sec1-1}
===============

The hallmark of osteoarthritis (OA) is the breakdown of cartilage and it usually affects the hands, feet and weight-bearing joints, such as knees, hips and spine. At worst, the cartilage cushion may completely wear away such that bones rub against each other causing inflammation, swelling and pain. Hyaline cartilage covers the subchondral bone to form the smooth articular surface of joints \[[@r1]\]. Hyaline cartilage can be further divided into three zones according to its regional organization. During the growth of the bone tissue, mineralization progressively takes place at the junction of hyaline cartilage and subchondral bone resulting in a layer of calcified cartilage with a tidemark separation. To illustrate the general cartilage structure and OA features histology of a femoral condyle with OA symptoms is given in  [Fig. 1](#g001){ref-type="fig"} Fig. 1(a) Histology of a femoral condyle with pronounced OA symptoms and (b) The dashed blue box indicates the measured region and the cartilage layer thicknesses of interest.. The cartilage is thinner and deteriorates in the region with OA. Poole's study provides further details on composition and structure of articular cartilage \[[@r2]\].

The prevalence of OA increases with age such that 1 in 5 adults aged 50-59 \[[@r3]\] and 9.6% of men and 18% of women aged over 60 have symptomatic osteoarthritis \[[@r4]\]. Therefore, it is a contemporary major medical challenge with high socioeconomic impact as early diagnosis and treatment of OA can help to prevent deterioration before irreversible damage is done. Current imaging diagnostic tools for OA are X-ray and MRI (magnetic resonance imaging), however, both of them are not able to detect early deterioration of cartilage. Therefore, there is a pressing need to develop a technique for detecting and monitoring changes in cartilage. This is particularly important in OA research where animal models are used as histology is currently the only technique to confirm the establishment and grade the severity of osteoarthritis \[[@r5]\] and requires sacrifice of many animals at different time points. A non-invasive imaging technique can help standardize the quantification of osteoarthritic grading and greatly reduce the number of animals sacrificed.

Previously, researchers have demonstrated the use of optical coherence tomography (OCT) for assessment the cartilage thickness and the result is quite promising in both *in vitro* \[[@r6]\] and *in vivo* cases \[[@r7]\]. Structural changes including surface erosion \[[@r8]\], hypocellularity \[[@r9]\], subsurface tears \[[@r10]\] were observed using OCT. In addition, OCT demonstrates the potential to detect changes at the early reversible stage of OA \[[@r11]\], through the loss of birefringence or birefringence changes in cartilage \[[@r9],[@r12]\]. However, the image data can be difficult to interpret and prevents quantitative mapping of cartilage structure \[[@r13],[@r14]\]. This has initiated our investigation to find other techniques to fill this gap. Here we have studied whether Terahertz pulsed imaging (TPI) has the ability to quantify OA or be an auxiliary method to compliment details seen in OCT images.

Several potential applications of THz to medicine have been investigated including skin cancer \[[@r15]\], breast cancer \[[@r16]\] and dentistry \[[@r17]\]. THz radiation possesses numerous characteristics that make it well suited for biomedical applications. For example, it is non-ionizing which means it would be safe to use for screening as well as diagnostic purposes. Through its sensitivity to molecular structures of biomolecules it can distinguish between: tissues \[[@r18]\], different chemicals within drugs \[[@r19]\], DNA bases \[[@r20]\] and polymorphic forms of medicines \[[@r21]\]. Thus, several research groups are focusing their efforts to developing waveguides to channel the THz beam to the sample \[[@r22],[@r23]\]. Recently, a miniaturized THz endoscope system was developed by Ji *et al* \[[@r24]\] and it demonstrates the possibility of performing THz imaging inside the body thus opening up the future possibility of *in vivo* monitoring of osteoarthritis.

Cartilage thickness is a crucial measurement when diagnosing OA. Early experiments imaging cartilage with THz radiation were conducted by Knobloch *et al* \[[@r25]\] on excised pig larynx tissue. They demonstrated the absorption difference of THz radiation on the cartilage from the surrounding soft tissue. Subsequently, Jung *et al* \[[@r26]\] measured the THz spectral properties of human articular cartilage and showed differences between osteoarthritic cartilage and normal cartilage. Here we explored the potential of TPI to quantitatively measure cartilage thickness building on a previous study \[[@r27],[@r28]\] and extending our findings with additional measurements performed on formalin fixed rabbit femoral condyles with OA. Formalin fixing reduces the absorption of the tissue (by removing water which strongly absorbs THz radiation) \[[@r29]\]. Considering the effects of absorption independently, to see to the same depth in the fresh tissue the SNR for the measurement would need to be increased: SNR~Fresh~ = (SNR~Fixed~)^α_fresh/α_fixed^, where α_fresh and α_fixed represent the absorption coefficients of the fresh and fixed tissue respectively. In this paper we have not made these measurements and they will be the subject of a follow up study. Advancements in terahertz technology are targeting increases in SNR as well as miniaturization to make intra-operative *in vivo* measurements possible in the future.

2. Experimental Methods {#sec1-2}
=======================

2.1 Sample preparation {#sec2-1}
----------------------

Ethical approval was obtained from the Animal Experimentation Ethics Committee, Chinese University of Hong Kong, to harvest femoral condyle samples from twelve white New Zealand rabbits, aged 27-32 weeks. One leg of each rabbit had been immobilized by an aluminium splint for 6 weeks prior to harvesting. This protocol established OA symptoms in the immobilised leg and also potentially in other legs as the overall mobility of the rabbit was reduced. This protocol thus resulted in a variety of cartilage thicknesses \[[@r30],[@r31]\]. All 24 samples were formalin fixed after excision and after the THz measurements, standard histology was performed. From the histology, as indicated in [Fig. 2](#g002){ref-type="fig"} Fig. 2The processed data from a pixel in the image of a typical (a) left sample and (b) right sample. for a typical sample, there is some variation in cartilage thickness within a sample. Thus when performing the measurements, we noted the location of the measurement to correlate with the thickness of the cartilage as determined from histology. We then calculated the mean and standard deviation of the cartilage layers from the histology by considering 10 points within the region of interest, as indicated within the dashed box in [Fig. 1(b)](#g001){ref-type="fig"}.

2.2 Imaging system {#sec2-2}
------------------

The system used for this study was a TPI^TM^ Imaga1000 (TeraView Ltd., Cambridge, UK) the details of can be found setup can be found in Pickwell et al \[[@r32]\]. Data processing is often necessary to remove the system variability and extract the sample impulse function and was performed using the technique described by Woodward et al \[[@r33]\]. A double Gaussian band-pass filter is applied to remove both the low and high frequency noise components. The Gaussian filter function was selected carefully so that the OA features could still be resolved -- if too many of the high frequency components were filtered out then the reflections from within the sample could not be resolved.

3. Results and discussion {#sec1-3}
=========================

3.1 Optical delays between reflections {#sec2-3}
--------------------------------------

In this work, we have measured and analyzed 12 pairs of samples (two samples from different legs of each rabbit). Typical THz impulse functions are shown in [Figs. 2(a)](#g002){ref-type="fig"} and [2(b)](#g002){ref-type="fig"}.

The first peak in the typical waveform represents the reflection from the quartz/sample interface. Those peaks or troughs after the first peak are reflections inside the sample caused by changes in refractive index between the hyaline and calcified cartilage layers. In [Fig. 2(a)](#g002){ref-type="fig"}, the optical delay between the first peak and second peak is 0.53ps and the optical delay between the first peak and trough is 0.86 ps. Both optical delays in the left sample are shorter than those in the corresponding right sample (0.66 ps and 1.25 ps respectively), which could be due to the left leg being immobilized for this animal.

Depth information of the femoral condyle helps to investigate the development of OA at the affected part. In [Fig. 3](#g003){ref-type="fig"} Fig. 3(a) B-scan of a right sample (IM86R), a cross-section view with y-axis showing the depth profile. The arrow points to the interface formed by the reflected trough. So the space between two dark lines indicates the hyaline thickness if the trough is reflected off the cartilage/calcified cartilage interface. (b) It is important that the sample makes good contact with the quartz window. This graph illustrates how the waveforms for a sample are affected by the sample contact made with the quartz window. we demonstrate the cross-section view of a right leg sample in order to reveal the sample internal structure; the color gradient represents the amplitude of the processed impulse function. The green line indicates the position of quartz window and the black band is surface of the femoral condyle. A dark band indicated by the arrow above the bold black band is the result of the troughs of impulse functions (inset). This is the location of the hyaline/calcified cartilage interface.

Assuming the hyaline cartilage is homogeneous the reflections observed are most likely to have been caused by the hyaline cartilage/calcified cartilage interface and the cartilage/subchondral bone interface. The optical delay between reflections therefore indicates the thickness of the cartilage. When cartilage deteriorates due to OA, both the hyaline cartilage and calcified cartilage can get thinner \[[@r28]\]. The shorter optical delays (both peak-to-peak and peak-to-trough) found in OA samples further support this hypothesis.

The peak-to-peak and peak-to-trough optical delays of each pixel within the area of interest for all samples were calculated and plotted on false color maps an example is given in [Fig. 4](#g004){ref-type="fig"} Fig. 4Color map of a left sample (IM88L) with contrast representing the (a) peak-to-peak optical delay. The darker the blue represents a shorter peak-to-peak optical delay; and (b) the peak-to-trough optical delay.. [Figure 4(a)](#g004){ref-type="fig"} shows the color map of peak-to-peak optical delays extracted from the sample and [Fig. 4(b)](#g004){ref-type="fig"} shows the color map of its peak-to-trough optical delays. The process of how we constructed the peak-to-peak color map is illustrated in Kan *et al* \[[@r34]\]. In [Fig. 4(a)](#g004){ref-type="fig"} only the center part in blue represents typical waveforms, in which the darker blue means the shorter the peak-to-peak optical delay is and the value under the color bar means the shortest peak-to-peak optical delay found in that image. In this case, it is about 0.46ps. It is very difficult to measure the refractive index (and absorption coefficient) of cartilage as the tissue properties vary with depth (and frequency); thus it is non-trivial to convert the optical delay into a distance. Therefore, in this study we have only looked for correlations between the optical delay and histology results.

Due to the sample geometry, not all the points made good contact with the quartz window. Generally, the area with good contact was less than 1mm^2^. Hence, typical waveforms appear only inside the darker blue region bounded by the dashed line in [Fig. 4(a)](#g004){ref-type="fig"} where good contact was made. We determine whether or not a point has made good contact by assessing its peak value and the time flight of the first peak. Points with bad contact tend to have a much larger first peak value and the arrival time of the peak often lags behind those points in good contact. These differences are illustrated in [Fig. 3(b)](#g003){ref-type="fig"} where a waveform from a pixel outside the dark blue region in the [Fig. 4(a)](#g004){ref-type="fig"} (dashed line) is plotted alongside a waveform from within the dark blue region (solid line is). The lower peak value of the solid waveform verifies that the pixel is in good contact. Fifteen points were chosen in each sample from the area identified as having good contact and typically had waveforms like the one shown in inset [Fig. 3(a)](#g003){ref-type="fig"}. The mean and standard deviation of the optical delays were then calculated from these points. For comparison we took the average of total cartilage thickness (due to the hyaline and calcified layers) within the region of interest on the histology and compared to the mean optical delays. Data from 14 samples were rejected because there was too much variation in thickness within the region of interest.

For example, in [Fig. 5](#g005){ref-type="fig"} Fig. 5The histology from animal 2 (IM86) of the (a) left sample and (b) right sample. The total cartilage thickness varies much more in the left sample (279-474 µm) compared to the right sample (398-443 µm). two histological slices from the right and left leg of the same animal are illustrated. The 0.5 mm wide dashed rectangle indicates the approximate location of the region of interest in [Fig. 5](#g005){ref-type="fig"}. For the left sample \[[Fig. 5(a)](#g005){ref-type="fig"}\] from the surface to the cartilage/bone interface, the thickness ranged from 279 µm to 474 µm. This high variation means that the cartilage had deteriorated too much in places for a meaningful correlation with the THz measurement to be determined and so this sample was not included in determining the relationship between the optical delay and cartilage thickness. However, as is clear from  [Fig. 5(b)](#g005){ref-type="fig"}, the variation in the right sample was much less and so this sample was included.

The mean peak-to-trough optical delay values of the ten acceptable samples are plotted against their corresponding mean total cartilage thickness values from histology in [Fig. 6](#g006){ref-type="fig"} Fig. 6A graph of the mean peak-to-trough THz optical delay against the mean total cartilage thickness from histology.. The correlation between the two measurements is 0.81. If we were to change the criterion on the histology requiring slightly less variation (such that sample 88L would be excluded), the correlation coefficient would increase to 0.87. This indicates that the natural variation within a sample combined with restricted image registration was a main limitation in this study.

3.2. Limitations due to formalin fixing {#sec2-4}
---------------------------------------

Formalin fixing had to be performed before the THz measurements because the samples were also being used for another study. This was not ideal as, in addition to making the samples rigid so that it was more difficult to place them on the quartz imaging window with good contact, the fixation process also affects the THz properties of the tissues \[[@r29]\], and can cause tissue shrinkage. The fixation process will have therefore made it more difficult for our THz measurements to determine and correlate the reflections between cartilage layers. Since we have seen promising results with the formalin fixed samples despite these limitations, this study provides motivation for further investigations using fresh tissue samples.

4. Conclusions {#sec1-4}
==============

We have analysed the THz responses of cartilage from rabbit femoral condyle samples and found, by comparison with histology, that the reflected THz signal is sensitive to changes in the cartilage within a knee joint. The main limitation in this study was the restricted image registration of the THz system -- it was not possible to match the location measured to histology beyond the nearest 0.5 mm. This, compounded with the large thickness variation within some samples meant that we can only draw limited conclusions. However, given that the correlation between the THz optical delay and the histology thickness for those valid samples was good (r = 0.81), this study indicates that further investigation would be worthwhile after THz imaging system improvements have been made. These early findings suggest that TPI has the potential to measure cartilage thickness once the THz properties of the constituent layers of cartilage have been better determined. It would be beneficial if we could develop TPI to use *in vivo* to monitor the development and treatment of OA in animal research models. Thus, TPI could improve the study of early stage OA and reduce the number of animals sacrificed by allowing the measurement the same animal multiple times.
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